The Salmonella flagellar motor spins in both counterclockwise (CCW) and clockwise (CW) directions. The C ring acts as a structural switch of the direction of flagellar motor rotation (Morimoto & Minamino, 2014) . CheY-phosphate (CheY-P), which acts as a signaling protein responsible for chemotaxis, binds to FliM and FliN to induce highly cooperative remodeling of the FliG ring structure, allowing the motor to spin in the CW direction (Lam et al., 2012; Lee et al., 2010; Minamino et al., 2011; Miyanoiri et al., 2017) . A constitutively active CheY mutant protein of Thermotoga maritima (Tm-CheY*) binds to the T. maritima FliG MC /FliM M complex in solution through an interaction between Tm-CheY* and Tm-FliM M , thereby disrupting higher-order oligomer formation of Tm-FliG MC that is primarily mediated by intermolecular interactions of Tm-FliG CN with Tm-FliG M of a neighboring Tm-FliG MC subunit (Sircar et al., 2015) . This suggests that F I G U R E 1 Domain-swap polymerization of FliG. (a) Homology model of Salmonella FliG. A homology model was built based on the crystal structure of FliG derived from Aquifex aeolicus (PDB ID: 3HJL). FliG consists of FliG N , FliG M and FliG C domains. FliG C is divided into two subdomains: FliG CN and FliG CC . The Cα backbone is color-coded from blue to red, going through the rainbow colors from the N-to the C-terminus. A deletion of PAA residues (magenta) results in an extreme CW bias even in the absence of CheY-P. Gly166, Glu174 and Gly194 are replaced by Cys for disulfide cross-linking experiments. (b) Model for FliG ring formation. The monomeric form of FliG MC adopts a compact conformation through an intramolecular interaction between FliG M and FliG CN . Intermolecular interactions of FliG CN with FliG M of its neighboring subunit produce the CCW ring structure. Upon binding of CheY-P to the C ring, conformational rearrangements of the FliG M -FliG C interface occur, inducing the dissociation of Helix MC from the interface. As a result, structural remodeling of the FliG ring structure occurs, allowing FliG C domains to swap their binding partners from its neighboring FliG M domain on their left side to that on their right side Genes to Cells
the binding of Tm-CheY* to Tm-FliM M induces a conformational change of Tm-FliG MC , inhibiting domain-swap polymerization of Tm-FliG MC . Consistently, the deletion of three residues of Tm-FliG MC , Pro170-Glu171-Val172, which correspond to Pro169-Ala170-Ala171 in Salmonella FliG, the deletion of which results in an extreme CW bias Togashi, Yamaguchi, Kihara, Aizawa, & Macnab, 1997) , stabilizes the intramolecular FliG M -FliG CN interaction to a considerable degree . Interestingly, the PEV deletion in Tm-FliG MC considerably reduces the binding affinity of Tm-FliG MC for Tm-FliM M in solution . This is in agreement with a previous report that the PSA deletion in FliG derived from Vibrio alginolyticus, which corresponds to the PAA deletion, inhibits the FliG-FliM interaction, thereby abolishing the assembly of the polar flagellum beyond the cellular membranes (Onoue, Kojima, & Homma, 2015) . However, hookbasal bodies with the C ring attached can be purified from the Salmonella fliG(∆PAA) mutant cells (Thomas, Francis, Xu, & DeRosier, 2006) . It remains unclear how the PAA deletion in FliG causes the CW-locked phenotype in Salmonella.
In this study, to clarify whether domain-swap polymerization of FliG occurs in the CW-locked motor, we carried out in vivo disulfide cross-linking in Salmonella. We show that FliG(∆PAA + G166C/G194C) forms higher-order oligomers upon oxidation with iodine in a way similar to FliG(G166C/ G194C). We also show that FliG(∆PAA + E174C) forms a cross-linked homodimer in the motor whereas FliG(E174C) does not, indicating a conformational change involved in switching.
| RESULTS

| Disulfide cross-linking between FliG subunits in the CW motor
To investigate whether a deletion of PAA in FliG inhibits domain-swap polymerization into the FliG ring structure, we carried out in vivo disulfide cross-linking experiments in Salmonella. Under oxidizing conditions, the G166C/ G194C, G165C/G195C and L159C/V218C double cysteine mutations at the FliG M -FliG CN interface have been shown to produce higher-oligomeric FliG species in the membrane fraction containing the flagellar motors but not in the soluble fraction (Baker et al., 2016) . Therefore, we introduced the G166C/G194C double cysteine mutation into the Salmonella CW-locked fliG(∆PAA) allele by site-directed mutagenesis ( Figure 1a ). To test whether this double cysteine mutation affects the CW-locked behavior of the fliG(∆PAA) mutant, we analyzed motility of a Salmonella ∆fliG mutant carrying a pET22b-based plasmid encoding St-FliG(∆PAA + G166C/ G194C) in soft agar (Figure 2a ). Wild-type cells formed a F I G U R E 2 Effect of the PAA deletion on intermolecular interactions between FliG subunits in the Salmonella flagellar motor. (a) Motility assay of Salmonella MKM1 cells harboring pET22b (ΔfliG), pMMiG2001 (WT), pMMiG2002 (G166C/ G194C), pMMiG2003 (E174C), pMMiG2004 (ΔPAA), pMMiG2005 (ΔPAA + G166C/G194C) or pMMiG2006 (ΔPAA + E174C) in soft agar. The plate was incubated at 30°C for 15 hr. (b) Disulfide crosslinking of the FliG M -FliG CN interface. The soluble (S) and membrane (M) fractions were prepared from Salmonella MKM1 cells expressing wild-type FliG (WT) or FliG(∆PAA) with (+) or without (−) the G166C and G194C substitutions, and disulfide cross-linking were induced by adding iodine. Then, each sample, which was normalized to an optical density of OD 600 , was treated with N-ethylmaleimide, followed by non-reducing SDS-PAGE with a 4%-15% gradient SDSgel and finally immunoblotting with polyclonal anti-FliG antibody. motility ring on soft agar plates, whereas the fliG(∆PAA) mutant did not due to its CW-locked motility phenotype, in agreement with a previous report Togashi et al., 1997) . The fliG(∆PAA + G166C/G194C) mutant did not form the motility ring either (Figure 2a ), indicating that the double cysteine mutation does not affect the switching property of the CW-locked flagellar motor.
To carry out disulfide cross-linking between FliG subunits in the flagellar motor, we prepared the soluble and membrane fractions from cells of the wild-type, fliG(G166C/ G194C), fliG(∆PAA) and fliG(∆PAA + G166C/G194C) strains, where these two fractions contain freely diffusing and motor-associated FliG protein, respectively (Baker et al., 2016) . Disulfide cross-linking was induced by adding iodine, followed by SDS-PAGE with 4%-15% gradient SDS gels and finally immunoblotting with polyclonal anti-FliG antibody. In agreement with previous reports (Baker et al., 2016; Kim et al., 2017) , higher-order oligomeric species were observed in the membrane fraction isolated from the fliG(G166C/ G194C) strain (Figure 2b , lane 4) but not from the wild-type (lane 2). Only a very small amount of the dimeric form was observed in the soluble fraction of the fliG(G166C/G194C) strain (lane 3). Similar oligomeric species were seen in the membrane fraction isolated from the fliG(∆PAA + G166C/ G194C) strain (lane 8) but not from the fliG(∆PAA) strain (lane 6), indicating that the PAA deletion does not inhibit domain-swap polymerization of FliG in the CW-locked motor.
| Disulfide cross-linking between
Helices MC in the flagellar motor
In vitro disulfide cross-linking experiments have shown that purified Tm-FliG MC (∆PEV + E175C) monomer forms a cross-linked FliG MC -FliM M heterodimer with purified Tm-FliM M (R75C) monomer, whereas purified TmFliG MC (E175C) monomer does not . To test whether Glu174 of Salmonella FliG, which corresponds to Glu175 of Tm-FliG, is also in close proximity to Arg74 of Salmonella FliM, which corresponds to Arg75 of Tm-FliM, in the CW motor but not in the CCW motor, we introduced the E174C and R75C substitutions into Salmonella FliG and FliM proteins, respectively. Neither FliG(E174C) nor FliG(∆PAA + E174C) formed a cross-linked FliGFliM heterodimer with FliM(R74C) (data not shown). The E174C mutation did not affect the motile behavior of the fliG(∆PAA) strain in soft agar (Figure 2a) . Therefore, we suggest that Glu174 in Helix MC is not in close proximity to Arg74 of FliM in either CCW or CW motor. In contrast, FliG(∆PAA + E174C) reproducibly formed a cross-linked homodimer upon oxidation with iodine ( Figure 2c, lane 4) , whereas FliG(E174C) did not (lane 2). DDT treatment disrupted the cross-linked homodimer of FliG(∆PAA + E174C) (lane 8). These results indicate that Glu175 in Helix MC of one FliG protomer is in very close proximity to that of its neighboring subunit in the FliG(∆PAA) motor but not in the wildtype motor. It has been shown that the PEV deletion results in unfolding of the C-terminal half of Helix MC of Tm-FliG MC . Therefore, it is possible that the conformational flexibility of Helix MC of FliG(∆PAA) is not only responsible for the cross-linked homodimer formation in the FliG(∆PAA) motor but also important for suppressing a stable interaction between Glu174 of FliG and Arg74 of FliM.
| DISCUSSION
Intermolecular interactions of FliG CN with FliG M of a neighboring FliG subunit facilitate the self-assembly of FliG into the ring structure on the cytoplasmic face of the MS ring (Baker et al., 2016; Kim et al., 2017) . Tm-CheY* binds to Tm-FliM M to perturb domain-swap polymerization of FliG in solution (Sircar et al., 2015) . In this study, we found that domainswapped FliG polymers exist in the FliG(∆PAA) motor as seen in the CCW motor (Figure 2b, lanes 4 and 8) . This suggests that the intramolecular FliG M -FliG CN interaction induced by the binding of CheY-P to FliM is energetically less stable in the flagellar motor than the intermolecular FliG MFliG CN interaction. Helix MC connecting FliG M and FliG CN is responsible for flagellar motor switching (Van Way, Millas, Lee, & Manson, 2006) . It has been shown that a CW-locked deletion induces a detachment of Helix MC from a hydrophobic patch of Tm-FliG M through a conformational change of a hinge loop between Tm-FliG M and Helix MC . Therefore, we propose that the intramolecular FliG MFliG CN stacking interaction may reflect an intermediate, transient state and that a conformational change of Helix MC may allow FliG C domains to swap their binding partners from its neighboring FliG M domain on their left side to that on their right side when the motor switches its rotational direction from CCW to CW (Figure 1b) . FliG CC is responsible for the interaction with MotA for flagellar motor rotation (Zhou et al., 1998) . Because the elementary process of torque generation by statorrotor interactions is symmetric in the CCW and CW rotation (Nakamura, Kami-ike, Yokota, Minamino, & Namba, 2010) , FliG CC is postulated to go through a 180º rotation through a flexible hinge connecting FliG CN and FliG CC when the motor switches between the CCW and CW rotational states of the FliG ring (Lam et al., 2012; Minamino et al., 2011; Miyanoiri et al., 2017; Pandini, Morcos, & Khan, 2016 . This is consistent with data of in vivo targeted cross-linking experiments (Lowder, Duyvesteyn, & Blair, 2005) . In this study, we found that Glu174 in Helix MC of FliG is in very close proximity to that of its neighboring subunit in the FliG(∆PAA) motor, thereby forming a cross-linked homodimer (Figure 2c, lane 4) . The C-terminal half of Helix MC is disordered in the Tm-FliG MC (∆PEV) crystal . Therefore, we suggest that the PAA deletion induces an order-to-disorder transition of Helix MC , facilitating intermolecular interactions between helices MC . As the length of Helix MC seen in the Tm-FliG MC (∆PEV) structure is much shorter than that in the wild-type structure due to the unfolding of its Cterminal half , we propose that such a conformational change of Helix MC may make the C ring structure more densely packed in the CW state than in the CCW state.
| EXPERIMENTAL PROCEDURES
| Bacterial strains, plasmids, DNA manipulations and media
Strains and plasmids used in this study are listed in Table 1 . DNA manipulations, site-directed mutagenesis and DNA sequencing were carried out as described previously (Hara, Namba, & Minamino, 2011) . L-broth and soft agar plates were prepared as described (Minamino & Macnab, 1999 .
|
Genes to Cells KINOSHITA eT Al.
Mini-PROTEAN TGX Precast gels (Bio-Rad), immunoblotting with polyclonal anti-FliG antibody was carried out as described previously (Minamino & Macnab, 1999) .
| Homology modeling
Homology modeling was carried out using SWISS-MODEL (https://swissmodel.expasy.org). A homology model of St-FliG was built based on the atomic structure of Aquifex aeolicus FliG (PDB ID: 3HJL).
